Field autocorrelations in electromagnetically induced transparency: Effects of a 

squeezed probe field 
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The interaction of a quantized field with three-level atoms in A configuration inside a two mode 
cavity is analyzed. We calculate the stationary quadrature noise spectrum of the field outside 
the cavity in the case where the input probe field is in a squeezed state and the atoms show 
electromagnetically induced transparency (EIT). If the Rabi frequencies of both dipole transitions 
of the atoms are different from zero, we show that the output probe field have four maxima of 
squeezing absorption. We show that in some cases two of these frequencies can be very close to the 
transition frequency of the atom, in a region where the mean value of the field entering the cavity is 
hardly altered. Furthermore, part of the absorbed squeezing of the probe field is transfered to the 
pump field. For some conditions this transfer of squeezing can be complete. 

PACS numbers: 42.50.Gy,42.50.Lc,42.50.Ar,42.50.Pq 
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I. INTRODUCTION 

Electromagnetically induced transparency (EIT) p| is 
a technique that can be used to eliminate the fluores- 
cence from an atom illuminated with light whose fre- 
quency is equal to a particular atomic transition. This 
phenomenon has been observed in systems of three-level 
atoms in A configuration (see Fig.lIJ 2]. In this config- 
uration a mode of the field, called the pump field, inter- 
acts resonantly with one dipole transition, while another 
mode, the probe field, interacting with the second dipole 
transition, is tested for transparency. The maximum ab- 
sorption of the probe field by the medium depends on 
the Rabi frequencies associated with each atomic opti- 
cal transition. The maximum occurs for a detuning from 
resonance which increases monotonically with the Rabi 
frequencies. EIT has many applications such as ultra 
slow propagation and storage of light 0, to name 
just a few. 

In general, the mean value of the electromagnetic field 
after interacting with the medium is measured. We may 
wonder if the medium is also transparent to the field 
fluctuations of the initial incoming probe field, particu- 
larly if these fluctuations are due to an initial state of 
the field which does not have a classical analog, such 
as squeezed states. In order to further investigate this 
question it is necessary to treat the field quantum me- 
chanically. Under the assumption that the pump field is 
classical and with Rabi frequency much larger than the 
associated Rabi frequency of the probe field treated quan- 
tum mechanically, Fleischhauer et. al. [5| showed that the 
medium is transparent to the full quantum state. Fur- 
thermore they showed that they can transfer the state 
of the probe field to the atoms and then back to the 
field again. These results were partially confirmed by 
the experimental work of Akamatsu et. al. [||, where the 
transparency of the atoms was measured considering an 
initially squeezed vacuum state as a probe field. Recent 
experimental @ studies have shown how the noise 
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FIG. 1: Atom in A configuration, Ti and T2 represent radia- 
tive decaying constants. 



of the probe field is influenced by the medium of A sys- 
tems in a parameter region where the atoms show elec- 
tromagnetically induced transparency. Also theoretical 
work where the pump a nd p robe fields are treated quan- 
tum mechanically ^3 U3 U3 has recently been 
done. It turns out that when both modes, pump and 
probe, are in a coherent state, the medium is transparent 
for the initial fluctuations of the coherent state, except 
for expected fluorescence due to small absorption from 
the media when they are not in the totally ideal EIT sit- 
uation Moreover, the effects of the field noise, par- 
ticularly quantum noise and its influence on the atoms' 
state has been investigated. Dantan et. al. ^lj S3 have 
shown that an initially squeezed vacuum as a probe field 
can be transferred to the atomic ensemble. The situation 
where the Rabi frequency of the pump and probe field are 
comparable and the probe field is in a general squeezed 
state still lacks a complete theoretical treatment. 

In this paper we study the statistical properties of the 
electromagnetic quadrature functions of the stationary 
output field from a two mode cavity filled with three-level 
atoms in A configuration. In particular we investigate 
the case when the two modes of the cavity field are in 
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resonance with the dipole transitions of the three-level 
atoms and the corresponding interaction constants and 
decay rates are equal. For this case, when the mean value 
of the pump field is not zero the atoms show EIT and 
the average values of the field do not change during the 
interaction. We focus on the case where the input probe 
field does not have a classical analog, namely when it is 
in a squeezed state. The most interesting feature of the 
results for the quadrature noise spectrum is that, for a 
given frequency, close to the transition frequency of the 
atoms associated to the probe field, we have a maximum 
of absorption of the initial squeezing of the probe field. 
Remarkably, some of this initial squeezing of the probe 
field can be transferred to the pump field. This transfer 
is maximized when both Rabi frequencies are equal. The 
spectrum frequency where this transfer happens is very 
close to the resonance frequency of the probe field with 
the atom. Our results imply that the initial quantum 
properties of the fields are modified after interacting with 
the medium showing EIT. 

This paper is organized as follows: in section [n] we 
give a brief review on how the system equations are ob- 
tained and solved. In section IIHI we present the main 
new results, which consist of analytical expressions for 
the spectrum of the quadrature noise of the field after 
interacting with the medium when the Rabi frequency 
associated with each field is different from zero. Finally 
we present our conclusions in section llVl 



II. CAVITY OUTPUT FIELD EQUATIONS 

Consider the case of N three-level atoms in A config- 
uration inside a cavity that sustains two modes of the 
electromagnetic field. The frequencies of these modes 
are resonant with the transitions between levels |1) and 
|0) and 1 2) and |0) of the atom, respectively. The atoms 
are supposed to occupy a volume of small dimension as 
compared with the wavelength of the cavity modes. We 
point out that this is a difficult task to realize experi- 
mentally. The annihilation field operators for the modes 
inside the cavity are denoted by d\ and a 2 . We will work 
in the interaction picture, where the Hamiltonian of the 
cavity-atom interaction is given by 

N 

H in t = ^ ^(51^01 fi l + + C.C. ) 

3=1 

= ftgiSoiai + %2S 02 a 2 + c.c. , (1) 
ij — J2k=i &ij are tne collective operators that 

k 



where £ 

represent the sum of individual atomic operators, cr* = 
\i}(j\ k associated with the k th atom. We use input- 
output theory to relate the inside field with the outside 
field 0|- Each intra-cavity mode interacts with its own 
collection of modes in the outside field. This means that 
either they have different polarizations or their difference 
in frequency is large. The intracavity operators satisfy 



the equations 

d - ,s 

dt^ = 

d , . 
dt^ = 



-ig x t w {t) - yai(t) 
-iff2S 20 (f) - ya2<X> 



7i aun(*) ; 
72"a 2 in(*), (2) 



where 7^ is the decay rate of cavity mode i = 1,2. The op- 
erators a iin (f) = -1/V27T J^dve-^-^bifaw) rep- 
resent the field entering the cavity. The operator bi(to, oj) 
represents the outside mode associated with cavity mode 
i at the initial time t and frequency to. We will call the 
outside field associated with the modes labeled by index 
i = 1 (i = 2) the pump (probe) field. In the interac- 
tion picture u> represents the detuning from the cavity 
frequency. The outcoming field is given by di OU t{t) = 
l/\/2n f^duje-^-^biiti,^). The operators h{h,u) 
represents the outside mode associated with cavity mode 
i at time t\ > to and frequency u> |l4|. The incoming and 
outcoming fields are related by 



Siin(t) +6iout(f) = VtT^iW' 
&2in(*) +a 2o ut(t) = ^/l2d 2 {t). 



(3) 



The Langevin equations for the atomic operators are 
obtained using the interaction Hamiltonian Eq. Q . Tak- 
ing into account the interaction of the atom with modes 
other than the cavity in the usual way |l5j . we obtain 

^-Wi = l(-2r 1 -r 2 )(l + W 1 +W 2 )-2ig 1 ±oidi 
dt 3 

+2igi SioSx - «#2 S 02 a 2 

+ig 2 t 20 d 2 + F Wl , (4a) 

jW 2 = ^(-r 1 -2T 2 ){l + W 1 +W 2 )-ig 1 ±oidi 

+igi SiqOi - 2ig 2 E 02 a 2 
+2ig 2 S20S2 -I- F W2 , 

jT^io = (~ ^ ^ 2 )£io + Wi Wx&i - ig 2 £12^2 + F w , 



^■S 20 = ( 1 ^ 2 )^20 + ig2 W 2 d 2 - igi S21Q1 + F 20 , 



(4b) 

F10 , 
(4c) 

£20 , 
(4d) 



^£21 = -igi ^2od\ + ig 2 Soia 2 • 



(4e) 



where Wj = Soo — ^jj and F x are collective Langevin 
operators given by the sum of each atom Langevin oper- 
ator. 

The Langevin fluctuation operators F's are assumed 
to be delta correlated, with zero mean: 



(F X ) = S 



(F x (t)F y (t r )) = D xy 5{t - t') , 



(5) 



(6) 
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where x and y label the fluctuation operators. 

The atom diffusion coefficients, D xyi can be obtained 
using the generalized Einstein relations . The nonzero 
diffusion coefficients are given by Eqs. (|A1|) in ap- 
pendix 1X1 

We will consider the following initial condition for the 
incoming field. For frequencies different from the intra- 
cavity frequencies, for each mode of frequency u as- 
sociated to the field i, the field outside the cavity at 
time t is given by \tp(t ,oj))i = ,§(?",, 0j)|O), where |0) 
is the vacuum of the mode with frequency u) of the 
field i. The squeeze operator is given by S(ri,8i) = 
e i/2[/3*S?(t ^)-ft6l 2 (t ^)] j with p. = r-expiflj. When 
the frequency is equal to the intra-cavity frequency, the 
initial condition is: \ip(t ,uj = 0)), = D(a>i)S(ri, #i)|0), 
where £>(a 4 ) = e ai s !(*o,^)-«J k(t ,u) ig the displacement 
operator which, when applied to the vacuum, creates the 
coherent state \(Xi). That means that the outside modes 
are initially in a vacuum, which can be squeezed, except 
for the resonant modes with the cavity which can be in 
a squeezed state but with field mean value different from 
zero. We will chose that value in a way such that inside 
the cavity we have (cij) = oti- 

Defining the field quadrature 9 for the field i and fre- 
quency oj as 

Y ie (u},t) = bi(u,t)exp{i6) + b\(w,t)exp(-ie) , (7) 

we have that the (9-quadrature noise operator is given by 

AY idi (u,t = t a ) = ((*U(w.*oM*UMo)>) 2 ) = e" 2n , 

for the given initial conditions. 

Writing yfyi a im = ^pfi (a iin ) + f ai , one can show that 

for the initial conditions given above, the operators 
satisfy 

(/ai(*)4-(0) = 7,(sinh 2 n + 1) S(t - t')S tJ , 

(flMfljit')) = -7iCoshr i sinhr i exp(-ifl i )*(t-t')*«. 
(fai(t)faj(t')) = -ji coshn siahn exp (i6i) 8(t - t')5ij . 

(8) 

From Eqs. J5J) it is easy to see that f a i represents the 
Langevin fluctuation operator associated with the mode 
i inside the cavity. 

Eqs. (0 and Q are a set of first order nonlinear opera- 
tor stochastic differential equations. To solve this system, 
it is usual to transform these equations into a system of 
c-number Ito stochastic differential equations. These new 
equations are equivalent to the original ones up to sec- 
ond order in the operators |17| . Once we have c-number 
stochastic equations we can use normal stochastic meth- 
ods to solve them [18). Since c- numbers commute, in 
order to perform this operation uniquely, we define an 
order for the operator, which we call "normal" order. 
The normal order we choose is 

& 2 , a\, S02, Sqi, S12, Wi, W2, S21, SiO) S20, ai,&2 ■ (9) 



We will use the c-number variables Ey, Wi, W%, a*, 
ai for the corresponding operators Sy, Wi, W2, a\, a,. 
The stochastic average of a c-number variable is equal 
to the mean value of the corresponding operator and 
the stochastic average of the product of two c-number 
variables corresponds to the mean value of the normal 
ordered multiplication of the two corresponding opera- 
tors. For example jS 02 (t)E 12 (t')) sf = (Ei a (t / )Eoa(*)>rt 
is equal to (Eo2(i)Ei2 (£')). Here (• • • ) sf means stochas- 
tic mean. Henceforth we will drop the subscript "st" in 
order to simplify the notation. 

The new c-number equations for the system look the 
same as the operator equations except that we should 
replace the Langevin fluctuation operators by modified 
Langevin fluctuation forces. These modified Langevin 
fluctuation forces still have zero mean and are still delta 
function correlated. However, the diffusion coefficients 
associated to these new Langevin fluctuation forces are 
modified so that the operator equations of normal or- 
dered products coincide with the c-number equations of 
the corresponding products. A very clear exp lanation of 
this procedure is given by L. Davidovich |17|. 

These new normal ordered diffusion coefficients satisfy 
the symmetry relation D xy = D yx . The non-zero coeffi- 
cients (and the symmetrical ones) are given by Eqs. (|A2|) 
in the appendix lAl 

We are mostly interested in the dynamics of fluctu- 
ations around the steady state. In order to calculate 
these dynamics, we express the solutions of the stochas- 
tic variables as the sum of the steady state value plus 
fluctuations. That is, for any stochastic variable O, we 
write 0(t) w (O) +SO(t), with SO < (O). In the system 
equations, the atomic operators scale as the number of 
atoms, TV, and the fluctuation forces scale as VN (l7| . 
If the number of atoms inside the cavity is large enough 
(N ^> 1) the fluctuations are small and we can neglect 
terms of order higher than one in SO. Neglecting those 
terms, we obtain to zeroth order, the equations for the 
mean values, which are solved for the stationary state 
in an analogous way to bistability problems. The cor- 
responding differential equations for the fluctuations can 
be written in matrix form 

^-SO = B SO + G, (10) 
at 

where the column vectors SO and G have components 

SO T = (5^,^,^02,^01,^X2,^1,^2,^21,^X0, 

ST, 2 o, Sai,5a 2 ), 

G T = (/at , fa2 , /02 , /oi , /l 2 , , fw 2 , /2I , /l , 
/20, /ab fa2) ■ 

The matrix B can be obtained from the expansion up 
to first order in SO of the system's dynamical equa- 
tions in c-number representation. The stationary spec- 
trum of the correlation of the c-numbers, SjA ui) — 
J™ x dr e lulT {0 % {t)O j {t + r)) can be written as 

(SOi(u)SO*(u')) = S^i^Siuj+Lu') , (11) 
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where (...) means stochastic average and Oi(u>) = 
"727 J^oo ^»(*) ex P {iutydt is the Fourier transform of 

Taking the Fourier transform of Eq. 110(1 , multiplying 
by SO^ and taking the stochastic average, we obtain 



S(u) = {B + iuty 1 ■ D ■ (B f -iujl)- 1 , 



(12) 



where D6(lu + u>') = (G ■ G T ) and S(lo) is the matrix 
defined by Eq. 1(111) . The components of the symmetric 
diffusion matrix D are the c-number diffusion coefficients 
given m Eq. IA2L 

The quadrature noise of the output field is given by 



AY ieout (*) = (Y iB out (t) - (Y t6 out(t)) 2 



(13) 



where F ieout = a i0 ut exp (i0)+a* out exp (— The spec- 
trum of Eq. (|13l) can be written as 

AY idout (oj)8(uj+uj') = (6Y ieovtt (u)6Y ieont (uj'))S(u+uj') , 

(14) 



where 5Yi 



flout 



Scti out exp (id) + Sa* out exp ( 



The 



calculation of the latter is our main objective. Using the 
c-number equivalents of Eqs. (0 and Eqs. J3J), we have 



(fajoutM = 5oti(u}) 



ji/2 + iw ig 



Using this last equation, the ^-quadrature noise spec- 
trum, Eq. 1(14(1 . can be written as a linear combination of 
the elements of the matrix S(u>) given by Eq. 1(12(1 . Since 
we are using c-numbers, the quadrature noise spectrum 
calculated using this method is equivalent to the normal 
ordered quadrature noise spectrum calculated with the 
original operator. The above results are only valid if the 
steady state solutions are stable. This can be verified by 
calculating the eigenvalues of the matrix B: If they all 
are negative, then the system is stable. 



III. RESULTS AND ANALYSIS 

A. General Results 

We calculate here the 8 quadrature noise spectrum of 
the output field, given by Eq. I(14p. when the incoming 
probe field is squeezed and the Rabi frequencies asso- 
ciated with each dipole transition of the atom are dif- 
ferent from zero. We will suppose that ri = T 2 = T, 
gi = go, = g and 71 = 72 = 7. The initial conditions 
are as follows. Every mode of the pump field outside the 
cavity is in vacuum state except the outside mode of the 
pump field which has the same frequency as the mode 1 
inside the cavity. This last mode is in a coherent state 
such that the mode one annihilation operator, Si, inside 
the cavity has mean value a\. This means that r\ = 
in Eqs. (JSJ. Every mode of the probe field is in squeezed 
vacuum for the O2 = quadrature, except the outside 
mode of the probe field with the same frequency as mode 



two inside the cavity. This last mode is in the squeezed 
state such that the mode two annihilation operator, 0,2, 
inside the cavity has mean value a.2- This means that 
r 2 > and 9 2 = in Eqs. ©. 

Under such initial conditions, Eq. 1(12(1 can be calcu- 
lated analytically with the help of computer programs 
for symbolic algebra. Using the solution obtained with 
this procedure and Eq. ((14(1 , we calculate the quadrature 
noise spectrum. The solution is given in the appendix iBl 
by Eq. (JBTJ and Eq. (Bg) . 



B. Analysis 

In order to gain some insight on what happens with 
the field after interacting with the atoms with the given 
initial conditions, we start by plotting Eq. I(B1() and 
Eq. ((B2(l . The bandwidth of the usual transparency curve 
in EIT (defined outside the cavity) is a function of the 
Rabi frequencies. We will choose as the Rabi frequen- 
cies of the plot, the interesting case in which the cav- 
ity bandwidth, characterized by 7, is smaller than the 
usual EIT bandwidth. This guarantees that the mean 
value of the modes of the field which enters the cavity is 
hardly altered by the atoms. Interesting results appear in 



the case of large cooperation parameter C 



r 7 



> 1. 

In Fig. 2(a) we show a typical behavior of the 9 = 
quadrature noise spectra of the probe field for the case 
of a good cavity (7 = 0.15r), large cooperation param- 

eter C = %f = 167 » 1, r 2 = 3, Q 1 = 9l {a x ) = T, 

^2 = #2(0:2) = 2r ( dashed line) and fli — SI2 — T (con- 
tinuous line). In Fig. 2(b) we show the behavior for small 
uj. When w/Owe observe, for each curve, four maxima 
where the initial 9 = quadrature squeezing is absorbed. 
Two are located very close to to = 0. These maxima is lo- 
cated in a region where the absorption of the mean value 
of the field is practically negligible (ui <C fii, 111 the 
case where fli = Q2 (continuous line) the squeezing ab- 
sorption is larger. The other two maxima are for high 
(|u;| S> Ox , Sl 2 ) frequencies. For high frequencies we ex- 
pect some absorption due to the vacuum Rabi splitting. 
In a cavity filled with TV two level systems, the vacuum 
Rabi splitting is proportional to the square root of the 
cooperation parameter C 0] |2(j. In the case we are 
studying we expect that the frequencies where these two 
maxima happens increases monotonically with C . This 
would be shown further on. 



In Fig. 3(a) and Fig. 3(b) we show a typical behavior of 
the 9 = quadrature noise spectra of the pump for the 
same parameters. In this case we have four minimum 
at the same position of the four maxima in Fig. [3 We 
observe that an important amount of the initial probe 9 = 
quadrature squeezing, absorbed by the medium in the 
two maxima close to lu = 0, goes to the pump field for the 
same frequencies (compare Fig. 2(b) with Fig. 3(b) 1. In 
the case where Q± = Q2 (continuous line) the squeezing 
transfer is larger. We also observe a transfer of squeezing 
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FIG. 3: Noise spectrum of 8 = quadrature of th e output pump field. C = 167, 7 = 0.15r, V2 — 3, fii = Q2 = T (continuous 
line); Qi = T, ft2 = 2F (dashed line). In Fig. |3(a)| a zoom of the behavior between qj/T = 4 and 6 and between uj/Y = —4 and 
—6 is shown in the insets. 



from probe to pump field in the two maxima far from the 
origin of Fig. 



but in this case it is rather small. We 
point out the two major characteristics of the behavior 
of the quadrature spectra showed in Fig. and Fig. [31 a) 
the two maxima, locate near u> = 0, of 8 = squeezing 
absorption is for frequencies where the mean value of 
the field is hardly altered; and b) we have a transfer of 
squeezing between the probe and pump field. To the 
best of our knowledge this is the first theoretical work 
that describes such squeezing transfer. In the rest of this 
section we will characterize the behavior of these maxima 
and minima as a function of the parameters of the system. 

We now obtain expressions for the position and values 
of these maxima in order to understand their behavior 
as a function of the system parameters. The first maxi- 
mum can be obtained using Eq. 1|B1|) . If we suppose that 



(n? 



ft|h 2 < (c 7 r + nf 



C>1, 7/T < 1, 



then the frequency where this maximum occurs can be 



approximated as 



±- 



(15) 



2^c 7 + nf + n| 

with the 9 quadrature noise for this frequency given by 

/(*)) 



9 out y^max 



4C 2 7 2 r 2 tt 1 tt| (1 



(2ft 2 



2ft 2 



(16) 



and 



ou t {oJmax) ~ 1 



4C 2 7 2 r 2 ft 2 ft 2 (1 - f{0)) 



(ft? 



ft 2 ) 



(2ft 2 



2ft^ 



(17) 



where 



- 2r - cos 2 I 



e 2r2 sin 2 i 
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From Eq. (JTHJ, we have that cu max < 7/2. In the case 
where 7 is smaller than the Rabi frequencies associated 
with the atoms optical transitions, the mean value of the 
field which enters the cavity is almost unaltered. Never- 
theless, because w max < 7/2, we can conclude that, at 
least for an initially squeezed state, there is huge alter- 
ation of the initial quantum fluctuations of the field after 
interacting with the medium. 

Comparing Eq. iJTo} with Eq. ((TTjl when 8 = and 
S7i , SI2 7^ it can be seen that there is a transfer of 
quadrature squeezing, for that particular frequency, from 
the probe to the pump field. This transfer of squeezing is 
maximum in the case where £li = SI2 = 0- For this case, 
and when C7 > O, Eq. JTHJl gives AF20 out 'max) ~ 1 
and Eq. (fP7|) gives AYi 0out (uj max ) » e~ 2r2 . In this last 
case the effect of the interaction with the atoms is to 
transfer all the initial squeezing from the probe field to 
the pump field for the frequency u> max . For other quadra- 
tures and the same conditions for the parameters, we ob- 
tain from Eq. l|16fl that AY^Oout^max) ~ 1 and from 
Eq. (fTTjl that AYio ou t(uj max ) /(#)■ This means that 
the initial fluctuations for each quadrature of the probe 
field have been transferred to the pump field. When ^2 
is zero there is no such transfer of fluctuations and the 
medium is transparent for the initial squeezed vacuum. 
This transparency for a squeezed vacuum pro be field in 
cavity EIT was shown theoretically in ^lj |I2| . 

The 8 = quadrature noise spectrum, Eq. IB 111 , has 
two maxima, which corresponds to the two maxima for 
M > Oi,0 2 in Fig. When r « fii or T « fi 2 or 
r <C C7 the positions of these two maxima can be ap- 
proximated by 



CjT. 



As can be seen from the last equation, |w^ naa ,| increases 
monotonically with the cooperation parameter. These 
maxima correspond to the maxima we expected due to 
the vacuum Rabi splitting and mentioned before. The 
quadrature noise spectrum for these maxima position is 



AF 2 out K„J + 



AFi0 out (a; maa .) w 1 



2C(l-/(0)) 7 2 ^ 

(n? + o|) (n? + ol + c 7 r) ' 

(18) 



C 2 (l-/(0)) 7 4 fi?Oi 



(ft? + niy (of 



c 7 ry 



(19) 

From Eq. l|18fl and Eq. (|19fl . we may conclude that trans- 
fer of squeezing from the probe to the pump occurs for 
these frequencies, but it is much smaller, and can not 
be perfect, contrary to the situation corresponding to 
the two maxima close to ui = (compare Fig. 2(a) with 
Fig.[3jaJ. 

Using the DGCZ inequality for continuum variables 
|2l| , we looked for conditions under which we could guar- 
antee the existence of quantum correlations between the 



pump and probe quadratures. Using Eqs. (|B1|) (|B2(1 for 
the quadratures noise spectrum and Eq. (|B3I) for the cor- 
relations noise spectrum, we looked for parameters under 
which the inequality could be violated. For spectrum 
frequencies uj m ax and to' max it is not difficult to see that 
the inequality is never violated. We numerically looked 
for the inequality violation for parameters C between 10 
and 200, Qi and Q 2 between T and 10r, 7 = 0.15r and 
spectrum frequencies w between — 10r and 10r. We did 
not find any quantum correlations between the pump and 
probe field. Nevertheless, the fact that for some spectrum 
frequencies both fields are squeezed after interaction, is a 
signature of quantum correlations between some orthog- 
onal modes (not necesarily the pump and probe modes). 
A method to find the modes possessing EPR-type corre- 
lations is given in p2|. 



IV. CONCLUSIONS 

There has been much recent activity, both theoreti- 
cal and experimental, to study the properties of quan- 
tum states interacting with three-level atoms presenting 
EIT. The aim of this activity has been to coherently con- 
trol the propagation of quantum light. Interesting appli- 
cations arise, as for example quantum information pro- 
cessing |23§ . In this paper we studied the output field 
quadrature noise spectra of an initially squeezed probe 
field after interacting with three-level atoms presenting 
EIT. In cavity EIT, there is high alteration of the ini- 
tial quantum properties of the probe field even when the 
mean values of the field are unaltered. This is shown with 
initially squeezed states for the probe field. We showed 
that there exists two frequencies where the maximum ab- 
sorption of quantum fluctuation occurs, that can be very 
close to atom resonance, even when the Rabi frequencies 
are much larger than the other parameters. Moreover, 
some of the squeezing absorbed in the probe field can be 
transferred to the pump field. This transfer is maximum 
when the Rabi frequencies associated with each field are 
equal. It is almost perfect if in addition C » 1. This 
transfer implies a coherent exchange of quantum proper- 
ties between the probe and pump field. Using the DGCZ 
inequality we did not find any quantum correlations be- 
tween the pump and probe field after interacting with 
the atoms. We expect that these results may be use- 
ful to predict and explain experimental results where the 
quadrature noise spectrum is measured after interacting 
with atoms presenting EIT. 
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APPENDIX A: DIFFUSION COEFFICIENTS where fij = 5, (a*). 

APPENDIX B: GENERAL RESULTS 

The non-zero diffusion coefficients, obtained using the 
generalized Einstein relations, are given by 



D WlWl 


= (4r 1 + r 2 )(s 00 


), 


D\y 2 w 2 


= (ri + 4r 2 )(Eoo 




Dw 1 w 2 


= Dw 2 w x = (2Ti 


+ 2r 2 )(E 00 ), 




= d% ioWi = (2r x 


+ r 2 )(s i>, 


Dw^w 


= = ( 2r l 


+ r 2 )(E 02 ), 


Dw 2 y, 01 


= D ii<,w 2 = ( r i - 


f 2r 2 )(E i), 


Dw 2 t 02 




f 2r 2 )(E 02 ), 


D T 10 T, m 


= r 1 (s 00 ) + (ri- 


f r 2 )(Sii), 




= r 2 (£ o) + (ri - 


f r 2 )(s 22 ), 


D T m T, 12 


S21S10 12 


(E 2>, 




= - D S 12 S 20 = 


(Soi>, 


Dt, 12 t, 21 


= r 1 (s 00 ) + 2r 12 


<Sn), 


D T 21 T, 12 


= r 1 (s 00 > + 2r 12 


<E 22 ), 


-Ds 10 So2 


= D* y r = (Ti 

2^20^01 V 1 


+ r 2 -r 12 )(s 



The non-zero c-number diffusion coefficients, obtained 
by transforming the operator Eqs into an equivalent 
set of c-number equations, are given by 

d WiWi = (4r 1 +r 2 )(E 00 ) 





-t(4ni(E i)+n 2 (Eo2; 


> - C.C.), 


Dw 2 w 2 


= (r 1 + 4r 2 )(E 00 > 






-i(40 2 (E 02 ) + 1 (Eoi; 


) - C.C.), 


DwiW 2 


= (2r 1 + 2r 2 )(E 00 ) 






-2i(Q 2 (E 02 )+ni<E i; 


) - C.C.), 


d t 12 t 21 


= ri(Eoo) + 2r 12 (E u ) - 


(i0 2 (E 12 )- 


-Ds 22i2 


= ^EaoEa! = -^ 2 (Ei 2 ), 




-DS02S21 


= D T, 2a T, 12 = r i2 (E l), 




DwxSxo 


= ^msoi = ^a(Ei2>, 






= D WiT.i2 = -2if^(E 20 ) 


+ 2ifi 2 {E i 


Dw 2 t 10 


= D w 2 v m = -i^ 2 (Ei 2 ), 




D\V 2 T, 21 


= £>w, Sia = -tfij<s 20 > 4 


-ifi 2 (E i), 




- ^ olEoi = 2ifii<Eio), 




■DsmSna 


= D E 20 £io = -^l( S 02) - 


- (E01), 


-DS20S20 


= ^02^02 =2iO 2 (E 20 ), 




■DsoiSis 


^21^10 





c.c), 



- r i2 (E 02 ) +ift 2 ((Wi) - (W 2 )) +ifii(Ei 2 ) , The general results for the 9 quadrature noise spec- 

(A2) trum, defined in Eq. 1 (13)1 . are 
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AY 2gout (u') = (sct 2 c 2 7 2 (2Cft 2 ft 2 7 2 + ( 7 2 + 4c 2 ) ft 2 (ft 2 + ft 2 )) 
+f(8) (-4C 7 2 r 2 c 2 ( 7 2 + 4^ 2 ) (ft 2 + ft 2 ) (ft 2 - ft 2 ) + a + b) ) /m , 

(Bl) 

Ar 10out (c') = {i6C 2 rWn 2 1 n 2 2l \f(e) + A + B^/M 7 (B2) 

where 

a = 4C 2 r 2 c 2 7 2 ( 7 2 (ft 2 - ft 2 ) 2 + 4c 2 (ft 2 + ft 2 ) 2 ) , 

B = ( 7 2 + 4c 2 ) (ft 2 + ft 2 ) 2 {4CTc 2 7 (-2c 2 + 2ft 2 + 2ft 2 + 7 r) 
+ ( 7 2 + 4c 2 ) (c 2 (r 2 + c 2 ) - (2c 2 - ft 2 - ft 2 ) (ft 2 + ft 2 )) } , 

M = 4C 2 7 2 r 2 c 2 ( 7 2 + 4c 2 ) (ft 2 + ft 2 ) 2 + B , 



f(9) = e- 2r2 cos 2 9 + e 2r2 sin 2 6 . 

The correlation between the Q\ quadrature noise spectrum of the probe field and the Q 2 quadrature noise spectrum of 
the pump field is 

AC 01i e 2 out(c') = (<51ie lOU t(c)(5F2e 2 out(^')> = 

/ 2 (0i, e 2 )8r 2 7 2 c 2 ft!ft 2 C (( 7 2 + 4c 2 ) (ft 2 + ft 2 ) - 2C 7 2 (ft 2 - ft 2 )) /M , (B3) 

where 

f2(0i,e 2 ) = (e~ 2r2 cos 6»i cos 6 2 + e 2r2 sin 6 l sin 6 2 - cos(0i - 6» 2 ))/2. (B4) 
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